Cellular crosstalk is a process through which a message is transmitted within an individual cell (intracellular crosstalk) or between different cells (intercellular crosstalk). Intercellular crosstalk within the liver microenvironment is critical for the maintenance of normal hepatic functions and for cells survival. Hepatic cells are closely connected to each other, work in synergy, and produce molecules that modulate their differentiation and activity. This review summarises the current knowledge regarding paracrine communication networks in parenchymal and non-parenchymal cells in liver fibrosis due to chronic injury, and regeneration after partial hepatectomy.
that hepatic cells, composed mainly of hepatocytes, liver sinusoidal endothelial cells (LSEC), hepatic stellate cells (HSC), and Kupffer cells (KC), precisely "talk" to each other.
The word crosstalk was firstly used in electronics and technology communication to explain any phenomena by which a signal transmitted on one circuit creates an undesired effect in another circuit. In biomedical science we do not view this phenomenon as undesired but, consider it a mechanism cells have to transmit "instructions" both in physiological and pathophysiological situations. In the latter scenario instructions are considered as transmitted errors, and are therefore an event or multi-events that could be considered as biological targets.
LSEC, the hepatic cell population that interfaces blood components and forms the barrier of sinusoids, are pivotal regulators of the liver microcirculation and have a key role in sinusoidal crosstalk. Their peculiarities (small cells with non-diaphragmed fenestrae and without a basement membrane) make them a vital link in the complex network of hepatic cellular interactions both in health and disease. Fenestrae, arranged in sieve plates, contribute to LSEC permeability and functions [1] , facilitating oxygenation of hepatocytes and enhancing hepatocytes exposure to macromolecules from the portal circulation. They are capable of contracting or dilating, can change in size, porosity (number of fenestrae per μm 2 ), and frequency, acting like a filter for the transit of substances. Modifications in fenestrae properties, a process known as pseudocapillarization, are associated with aging and hypoxia [2, 3] , while capillarization (complete loss of fenestrae) [4] seems to precede the development of most chronic liver diseases [5, 6] . Note that the crude term "capillarization" in this specific context means that the unique and highly specialized phenotype of LSEC is lost and cells become ordinary non-specialized endothelial cells, or endothelial cells of an ordinary capillary.
LSEC are the main source of the endothelium-derived nitric oxide (NO), an important modulator of vascular tone, where it is produced by the endothelial nitric oxide synthase (eNOS). Moreover, LSEC express singular sets of adhesion molecules that correlate with the micro-environmental characteristics of the sinusoidal wall [7] . These adhesion molecules include ICAM-1 (Intercellular Adhesion Molecule 1), VCAM-1 (vascular cell adhesion molecule 1), and selectins, are regulated by inflammatory cytokines, and influence cell-tocell interactions [8] . Interestingly, LSEC phenotype is maintained, at least in part, by paracrine secretion of vascular endothelial growth factor (VEGF) by hepatocytes and HSC [9] . HSC, localized in the space of Disse, are the main collagen-synthesizers of the liver [10] , and contribute to its architecture and functions by interaction with neighbouring cells [11] . They preserve retinoid storage and homeostasis, ECM metabolism, and sinusoidal lumen diameter [12] . A single stellate cell can wrap up to 4 sinusoids and regulate sinusoidal blood flow by contraction. Injuries to the hepatic microvasculature activate the trans-differentiation of HSC conferring them a proliferative and fibrogenic myofibroblast-like phenotype. HSC activities mainly depend on their interactions with ECM components, endothelial cells and hepatocytes [11, 13] .
KC are hepatic macrophages that have an essential role in the liver immune system [14] and inflammation [15] . They are attached to the sinusoidal endothelial layer, where they uniquely capture signals from the blood and contribute to hepatic blood flow regulation [16] . They are mainly the source rather than the target of soluble mediators [14] , eliciting a physiological response to all other liver cells.
Hepatocytes represent the most abundant cell type within the liver and, although they are the major functional hepatic cells, their interactions with sinusoidal cells are totally necessary for their multiple activities. While consequences of endothelial capillarization and HSC phenotype deregulation on liver function are well characterised, the exact process of hepatocyte dysfunction in chronic liver disease is not completely known. Indeed, the liver can function normally with less than half of its hepatocytes, although they have the unique ability for continuous turnover and replenishment [17] .
As a consequence of parenchymal and non-parenchymal interactions cells grow and proliferate, migrate and differentiate, and preserve their normal cellular phenotype. In this interactive network, healthy or injured cells become the positive or negative regulators of the closest neighbouring cells (via juxtacrine signalling and receptor-ligand complexes or through indirect contact), or of the hypothetically most distant cells (via a variety of soluble paracrine and endocrine factors, such as cytokines, growth factors, second messengers and hormones) ( Table 1) . In this regard, ECM is considered a depository for growth factors, cytokines and other proteins that can be released when required to be used by proximal cells, contributing to cellular programming [18, 19] . Understanding the intercellular crosstalk within the sinusoids is critical for a better knowledge of the progression, aggravation, and resolution of liver disease, and modifications in the coordinated interactions may lead to disease development/improvement.
2-Sinusoidal crosstalk in fibrosis, cirrhosis and portal hypertension
Fibrosis is characterised by intra-hepatic accumulation of ECM, mainly in the perisinusoidal space of Disse and portal tracts [20] . The formation of abnormal nodules with consequent distortion of the liver architecture, inflammation, vascular occlusion, and intra-hepatic angiogenesis aggravate the fibrotic state leading to the development of cirrhosis [21] . Alterations in the normal crosstalk cause progressive microvascular dysfunction in the cirrhotic liver, increase in hepatic vascular resistance and development of the main complication of cirrhosis, portal hypertension [22] . All sinusoidal cells take part in this process: they communicate and acquire a vasoconstrictor phenotype that is further exacerbated in response to biomechanical, pathogenic and inflammatory stimuli [23, 24] . However, our understanding of the mechanisms underlying the changes in phenotype of sinusoidal cells and the divergent cellular communication during cirrhosis progression is far from complete. Unfortunately, the only treatment for end-stage cirrhosis is transplantation [25] , and the need to develop anti-fibrotic compounds is a must.
Liver fibrosis is initiated by crosstalks from LSEC & Hepatocytes
The fibrogenic reaction is initiated by two major intercellular crosstalks that are ultimately connected. In the presence of hepatic injury, LSEC become rapidly de-regulated and start dedifferentiation towards a capillarized phenotype, accompanied by the production and release of soluble factors that rapidly travel to neighbouring cells affecting their phenotype [26] . As an example, it has been demonstrated that LSEC-derived fibronectin affects HSC phenotype, promoting their activation [27] . In parallel, exogenous hepatic injury significantly modifies hepatocytes transcriptional programs promoting their proliferation and death. Hepatocyte apoptosis results in the formation of apoptotic bodies that once captured by the non-parenchymal cells (HSC and KC) contribute to their activation [17, 28, 29] . In turn, HSC begin to proliferate, contract and deposit elevated amount of collagen fibers and extracellular matrix molecules in the hepatic parenchyma, contributing to the stiffening of the organ and perturbing all cellular functions. Interestingly, collagen accumulation in the space of Disse may contribute to the loss of endothelial fenestrations, aggravating hepatic fibrosis [30] . Thus, a self-perpetuating cycle between collagen-producing activated HSC and capillarized LSEC stimulate each other, further contributing to liver fibrosis (Figure 1 ).
Hepatocytes and LSEC also communicate with each other during fibrogenesis via the VEGF-A/VEGFR2 pathway [31] . It has been recently observed that CD147, a transmembrane glycoprotein linked to liver fibrosis [32] , promotes the expression and secretion of VEGF-A via the PI3K/Akt signalling pathway in hepatocytes, and up-regulates VEGFR2 expression in LSEC, augmenting their proliferation and migration. Interestingly, anti-CD147 antibodies inhibited the VEGF-A/VEGFR-2-mediated angiogenesis with a consequent attenuation of liver fibrosis progression. The synchronistic expression of CD147 in both hepatocytes and LSEC suggest a regulatory role for CD147 in hepatocyte-LSEC interactions [33] . Therapeutic trials blocking CD147-induced angiogenesis may be promising for the treatment of liver fibrosis.
Considering the cellular communications initiating the fibrogenesis reaction, protection of LSEC and/or hepatocytes may be an effective strategy to avoid fibrosis progression. Potentially, drugs specifically designed to ameliorate LSEC phenotype may also prevent the progression of fibrosis, and its derived complications. Although this idea has been demonstrated in experimental models of cirrhosis regression [34, 35] , it has not been validated in situations of liver fibrosis progression. Regarding hepatocytes, apoptosis occurs in physiological conditions with no release of pro-inflammatory cytokines resulting in a minimal immune response. It would be reasonable to extrapolate that under pathophysiological situations, the mechanisms that would otherwise protect neighbouring cells fail. Inhibiting hepatocyte apoptosis following injury does not convey benefit [36] , and an alternative strategy could be aimed at either blocking the capturing of the apoptotic bodies by non-parenchymal cells, or building a 'screen' between hepatocytes and HSC/KC. To test these hypotheses however, we first need to understand when cell dysfunction initially occurs, and to which cell.
Communications between hepatic cells and ECM
As stated, LSEC have a major role in hepatic fibrogenesis: they are contributors of extracellular matrix (ECM) deposition [37] and regulators of ECM metabolism [38], however, LSEC phenotype is strongly modulated by ECM itself. Ford and colleagues demonstrated how the phenotype of LSEC changes in response to matrix stiffness. Using collagen hydrogels with two different values for elastic modulus they reproduced healthy (6 kPa) and fibrotic (36 kPa) tissue matrix. LSEC seeded on 6 kPa substrates exhibited welldefined fenestrae arranged in sieve plate structures, and underwent pseudocapillarization after 96h. However, as a result of increasing elastic modulus, LSEC seeded on 36 kPa substrates completely lose fenestrae and express CD31 at the surface just after 24 h [39], thus confirming the importance of HSC-derived ECM on LSEC phenotype [18] .
Liver ECM also markedly influences the behaviour of other non-parenchymal cells, especially portal myofibroblasts (PMF) and HSC. When cultured on stiff rather than soft collagen lattices PMF increase their expression of fibrillin-1 [40] , and HSC become highly activated loosing their lipid droplets and expressing high levels of α-SMA [41], demonstrating that the stiffness of the matrix has significant functional relevance for the contractile non-parenchymal cells. Interestingly, a recent paper further depicts the underlying mechanisms partly responsible for such activation revealing a negative regulation between RhoA and the cytosolic tyrosine kinase c-SCR [42] .
In addition to ECM stiffness, its chemical components can also actively modulate cells status. Hyaluronic acid (HA) is one of the main components of the ECM and influences cell proliferation and migration, and it has been proposed as a marker of liver fibrosis since high serum levels correlate with fibrotic stages [43] . Within the liver, HA is mostly synthesized by HSC and degraded by LSEC [44] . This efficient homeostasis is guaranteed by the activity of KC, since their depletion does not allow HA uptake by LSEC [45] , suggesting that maintaining KC in a competent state could control ECM metabolism and contribute to fibrosis resolution. Conversely, KC inactivation using gadolinium chloride prevents the development of cirrhosis in experimental models of fibrosis [46] . KC also play a key role modulating the phenotype of neighbouring non-parenchymal cells. This relationship has been characterised by Nieto and colleagues: in a seminal paper they described how KC negatively affect neighbouring HSC, promoting their activation defined as high proliferation, high expressions of α-SMA and collagen-I, and reduced capability to degrade extracellular collagen [47] . Furthermore, the paper described an H 2 O 2 -IL-6-dependent mechanism responsible for such intercellular communication. Subsequent studies validated the KC-HSC crosstalk when M2 phenotype-like KC were co-cultured with HSC, thus confirming such communications in an injured microenvironment [48] .
In the clinic liver stiffness can be measured with transient elastography and provide a measure of fibrosis [49] , thus a hypothetical degree of cell-matrix-cell crosstalk potentially could be estimated at the bedside due to its quantifiable association with liver stiffness.
LSEC & HSC communications in fibrosis and cirrhosis
The interaction between LSEC and HSC in fibrosis/cirrhosis has been extensively investigated. In 2004 DeLeve and colleagues showed that the phenotype of rat LSEC was maintained by autocrine and paracrine regulation exerted by either healthy hepatocytes or stellate cells, and that there was no added effect of co-culturing both hepatocytes and stellate cells together with LSEC [9] . Their experiments suggested the requirement of an autocrine production of NO by LSEC, since the addition of the inhibitor of eNOS L-NAME (L-NGNitroarginine Methyl Ester) was associated with a low number of surface CD31 positive cells, a marker of LSEC de-differentiation. Subsequently, they demonstrated that the maintenance of differentiated LSEC phenotype (with regular fenestrae) was due to both a VEGF-stimulated-NO-independent pathway and a VEGF-stimulated-NO-dependent pathway, and that restoration of LSEC differentiation in vivo promoted HSC quiescence, prevention of fibrosis progression, and regression of mild fibrosis [50, 51] . Studies from our group further investigated the HSC/LSEC paracrine interactions, especially in pathological conditions, and demonstrated that co-culture of differentiated LSEC with HSC in which eNOS was inhibited by L-NAME blocked the ability of LSEC to maintain HSC quiescence [52] . We proposed that the transcription factor Kruppel-Like Factor 2 (KLF2) is crucial in safeguarding the hepatic sinusoid via a bidirectional protective cell-to-cell communication in which growth factors and second messengers play a key role. Using in vitro and in vivo experimental models of liver cirrhosis, we demonstrated that KLF2-mediated improvement in HSC phenotype paracrinally ameliorates the dysfunctional phenotype of LSEC and vice versa, leading to a significant regression of liver cirrhosis and a marked reduction in portal pressure [52, 53] .
In these recent papers, following the research initiated 20 years ago by Jaime Bosch [54] and conducted subsequently by our group and others [55] [56] [57] [58] [59] [60] [61] , some of the mechanisms through which statins have beneficial effects on dysfunctional sinusoidal cells have been described. We observed that simvastatin is the optimal statin [52] to increase NO bioavailability selectively in the liver [55] and that its anti-oxidant, anti-inflammatory, vasodilatory and anti-fibrotic effects were due to KLF2 activity [53, 62] . Interestingly, results from a recently published placebo-controlled randomized clinical trial demonstrate that simvastatin reduces mortality in patients with cirrhosis who have survived an episode of variceal haemorrhage [63] . Other NO donors have undesired systemic effects that prevent their use at the bedside [64] [65] [66] [67] , but simvastatin, an already established medication, appears to be a good antifibrotic candidate due to simultaneous effects on different hepatic cells (Figure 2 ). This potentially occurs through the ability of simvastatin to activate the appropriate molecules, such as KLF2, needed for cell communication [68, 69] .
Additionally, recent data support the concept that sinusoidal communication occurs not only via the release of soluble molecules but also through the liberation of cellular microvesicles. Two papers describe the importance of this type of paracrine interactions in cirrhosis and portal hypertension [70, 71] . In the first study, using in vitro co-culture models of PMF and endothelial cells, authors describe the release of microparticles rich in VEGF by PMF, which in turn promote an increase in the pro-angiogenic activity of endothelial cells. The second study further supports the exosomal sinusoidal paracrine communication, demonstrating that secretion of exosome-packaged Sphingosine kinase-1 by endothelial cells paracrinally act on HSC, promoting their activation (in terms of elevated migration). These papers add key information to our understanding of sinusoidal communications, opening new avenues of research.
In summary, findings confirm that LSEC act as "protective gatekeepers" of the microvascular milieu, and keeping LSEC in a healthy condition is an acute strategy for the development of new hepatoprotective drugs. Additionally, therapies aimed at controlling KC or HSC activation may also prevent the development of hepatic cirrhosis, probably in part due to the re-activation of proper hepatic crosstalk. To date, various drugs with antiinflammatory or anti-oxidant properties have shown promising results on fibrosis at the benchside, but limited outcomes in clinical trials [72] [73] [74] [75] [76] , likely because of unknown effects on cellular communication. Future studies are needed to discover new mechanisms of cellular crosstalk to determine at which stage of cirrhosis progression these interactions occur. The mechanism of microvesicle transport could potentially be productive in this regard.
3-Sinusoidal crosstalk in liver regeneration and transplantation
Parenchymal and non-parenchymal cells tightly regulate their proliferation. Sinusoidal cells are a key source of cytokines and growth factors needed by the hepatocytes, and sinusoidal cells growth is modulated by hepatocytes and other non-parenchymal cells [77, 78] . The maintenance of these intercellular relationships is essential to promote the replacement of missing hepatocytes during liver regeneration, a process that occurs more frequently after ischaemic or toxic injury. When the liver is damaged beyond its ability to regenerate, liver transplantation is the treatment of choice. Living-donor transplantation, bioengineered liver support systems or patient-specific hepatic cell transplantation are current alternatives to whole liver transplantation. Understanding the effects of sinusoidal cells on hepatocytes phenotype will help clarify sequalae associated with liver injury due to the ischemia/ reperfusion occurring during hepatic resection and liver transplantation.
Liver regeneration -classic & new views
Most of the data regarding liver regeneration derives from experimental partial hepatectomy, which is the accepted animal model to mimic human major hepatic resection. However, the positive results obtained in the laboratory are difficult to successfully translate to clinical therapies probably because the regenerative program in humans differs greatly following damage by drug overdose, viral infection, or excessive alcohol consumption [79] .
The initiation of liver regeneration after conventional two-thirds partial hepatectomy appears macrophage driven (Figure 3 ). Peak macrophage proliferative response is at 48-72h [80] , at which point they begin to communicate with hepatocytes mostly through the production of IL-6 [81, 82] . LSEC and HSC divide approximately 96h after partial hepatectomy, primarily due to hepatocyte-derived VEGF/angiopoietin stimulation, and proteins relying on phosphoinositide 3-kinase for their mitogenic effect, respectively [83] [84] [85] . There is an evident cooperation among non-parenchymal and parenchymal cells during regeneration [86] , however, the idea that bone marrow-derived endothelial sinusoidal progenitor cells (BM SPC), rich in hepatocyte growth factor (HGF), are also recruited to the site of the injury is now emerging [87, 88] . Recently, Katagiri and colleagues observed that a small representation (1-2%) of bone marrow mesenchymal stem cells, named Muse, differentiate into liver-lineage cells and repair tissue. After their infusion in a model of partial hepatectomy, they integrated into regenerating areas and expressed liver progenitor markers during the early phase of regeneration to then differentiate into hepatocytes, KC and LSEC [89] . Muse cells can be obtained easily from patients and donors, and could be used for clinical applications. Their differentiation into a specific hepatic cell may depend on cell-matrix-cell interactions; reinforcing the concept that liver matrix is much more than a simple scaffold.
Role of LSEC in liver repopulation
Improved understanding of the cellular crosstalk occurring during liver regeneration, both in space and time, may provide new strategies to promote liver repopulation. In the experimental field of hepatocyte transplantation, Gupta and colleagues observed that cell engraftment in the liver involves the disruption of endothelial structures, entry of transplanted cells into the liver plates, reconstitution of plasma membrane structures with restoration of cell polarity, and integration of cells in the liver parenchyma [90] . Interestingly, transplanted and host hepatocytes produce VEGF before the disruption of the endothelial layer, reaching a peak around 8h post hepatocyte injection, but totally disappearing after 24h. These observations correlate with more recent work in which loss of LSEC viability occurs after 24h of liver injury, but before hepatocyte necrosis, suggesting that a VEGF-regulated engraftment of BM SPC, an alternative source of HGF, may latterly stimulate hepatocyte proliferation and liver regeneration [91] . Certainly, VEGF knockdown significantly decreases partial hepatectomy-induced BM SPC proliferation and engraftment to the liver [87] . These studies suggest that loss of LSEC functionality seems to be the input signalling in the bone marrow-liver crosstalk, which will promote the release of BM SPC, regeneration of the liver, and at a very final step reconstitution of LSEC structures will occur.
The role of VEGF in the healthy and diseased liver is ambiguous, however, its relevance in liver regeneration was hypothesized two decades ago [92] , and refined more recently when it was demonstrated that VEGF promotes proliferation of hepatocytes through the reconstruction of the liver sinusoids by proliferation of sinusoidal endothelial cells [83] . A recent paper by Hu and colleagues highlighted the underlying mechanisms involved in the space-temporal regulation of cellular crosstalk during liver regeneration [93] . They demonstrated how LSEC-angiopoetin 2 expression is dynamically regulated during the regeneration process to promote hepatocytes proliferation during the early phase, and to stimulate angiogenesis during the late phase. In this new vision of the regeneration puzzle, the exact role of the previously described BM SPC remains to be defined. Nevertheless, VEGF has to be considered as the signalling molecule par excellence involved in the hepatic intercellular crosstalk occurring during liver regeneration.
Other non-parenchymal cells in liver regeneration
Gupta et al investigated whether transplanted hepatocytes could additionally interact with HSC, aware that cell-to-cell interactions could modulate their engraftment in the liver [94] . This study demonstrated that HSC (as well as KC) become activated after only 24h following hepatocyte transplantation, reaching a peak after 3 days. Interestingly, activated cells were in the immediate proximity of transplanted hepatocytes, suggesting they could interact with each other. Additionally, but perhaps counterintuitively, HSC and KC contributed to correct cell engraftment. Future works aimed to elucidate the exact role of every other non-parenchymal cell, in space and time, during the communication process that occurs in liver regeneration and transplantation will be of significant interest.
5-Conclusions and future research
Summarised is the current knowledge about the sinusoidal crosstalk occurring in two pathological situations with similar cellular and molecular mechanisms, but with a significant difference: liver regeneration after hepatectomy progresses without signs of fibrosis, but liver repair in response to chronic liver injury is associated with fibrosis. Although research and knowledge has increased in recent years, our understating of these processes is still far from complete. Further investigation is required, particularly in cirrhosis, where we still do not know the exact spatial-temporal sinusoidal communications during the progression and [importantly] regression of the disease, especially considering the probable aetiology dependent differences. Improved knowledge of these essential processes would help develop efficient strategies to promote fibrosis resolution. The most recent studies in hepatic regeneration biology proposed new, but possibly incompatible, explanations of crosstalk and proliferation of hepatic cells in response to hepatectomy [93, 95] , and therefore further validation is required.
In addition to disease-specific limitations, we should consider two important points that need to be addressed. Firstly, the possible experimental discrepancies between research groups (i.e. experimental models of hepatectomy or fibrosis induction), which may lead to divergent conclusions, and therefore inadvertently protract the development of proficient therapeutic strategies. Secondly, most data is obtained using in vitro methods of cell culturing, which may differ greatly to actual pathological mechanisms. For instance, sinusoidal cells rapidly dedifferentiate after isolation, require specific matrices, and the endothelial layer needs biomechanical stimulation. New methods are needed to better explore the mechanisms underlying physiological and pathophysiological intercellular crosstalk. In this sense, the newest liver on a chip platforms [96, 97] may have the potential to reproduce the exact liverlike micronetwork, taking into account the importance of hemodynamic and mechanical forces, and the liver architecture.
In conclusion, acquiring more data inherent to intercellular crosstalk will certainly improve knowledge of the progression of liver disease, allowing the creation of in vitro models for the development of therapeutic strategies. Summary of cellular and molecular mechanisms underlying the beneficial effects of statins in liver cells (in blue, modifications due to statins administration). Please note that to simplify the figure paracrine interactions between statin-improved cells are intentionally omitted, complete explanation can be found along the text. α-SMA; smooth muscle actin alpha; Arg-1, arginase-1; CAM, cell adhesion molecules; cGMP, cyclic guanosine monophosphate; COX-1, cyclooxygenase-1; eNOS, endothelial nitric oxide synthase; HNF4α, hepatocyte nuclear factor 4 alpha; KLF2, Kruppel-like factor 2; MLCP, myosin light chain phosphatase; Mrp3, ATP-binding cassette sub-family C member 3; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells; NO, nitric oxide; NOX, NADPH oxidase; Nrf2, nuclear factor (erythroid-derived 2)-like 2; ROS, radical oxygen species; TM, thrombomodulin; TXA 2 , thromboxane A2. LGF: liver growth factor; VEGF: vascular endothelial growth factor; FGF: fibroblast growth factor; IGF: insulin growth factor; HB-EGF: heparinbinding EGF-like growth factor; PDGF: platelet derived growth factor; HGF: hepatocyte growth factor; TGF-β: transforming growth factor beta; CTGF: connective tissue growth factor; SDF-1α: Stromal cell-derived factor 1; MCP-1: Monocyte Chemoattractant Protein-1; ET-1: endothelin-1; NO: nitric oxide; cGMP: cyclic guanosine monophosphate
